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Lipid membranes composed of monogalactosyldiacylglycerol (MGDG) and dimyristoylphosphatidylcholine (DMPC) were studied by means
of NMR spectroscopy. The macroscopic phase behaviour was investigated by 31P NMR under stationary conditions, whereas microscopic
properties such as segmental ordering were probed by two-dimensional 1H–13C separated local field experiments under magic-angle spinning
conditions. Our results clearly show that ordering/disordering effects occur for the headgroups as well as for the acyl chains when the sample
composition is varied. In particular, the 1H–13C dipolar couplings within the galactose headgroup of MGDG exhibited significant concentration
dependence.
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The thylakoid membrane is present in all higher plants and is
an essential part of the photosynthetic process [1]. About 50%
of the dry weight of this membrane consists of monogalacto-
syldiacylglycerol (MGDG, see Fig. 1) [2,3], which makes
MGDG the most abundant polar lipid in nature. This glycolipid
is also present in other membranes but it is mainly found in
thylakoid related membranes, thus suggesting functions inti-
mately related to the photosynthesis. This was shown in an X-
ray study of the photosystem I (PSI) complex in which MGDG
was found to be located close to the core of PSI [4]. A lipid
compositional analysis also revealed a significant amount of
MGDG in the core of the photosystem II complex [5].
Additional evidence for the importance of this glycolipid in
photosynthesis was inferred from an investigation in which a
mutant with defective MGDG synthase developed severe
defects in chloroplast structure and a reduction in chlorophyll
contents [6]. MGDG also exhibits other biological activities⁎ Corresponding author.
E-mail address: arnold.maliniak@physc.su.se (A. Maliniak).
1 Present address: Bruker BioSpin Scandinavia AB, Polygonvägen 79, SE-
187 66 Täby, Sweden.
0005-2736/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2007.05.010such as, for example, modulator of cell growth, either inhibiting
[7] or promoting it [8], and as an anti-cancer [9] and anti-
inflammatory agent [10].
Clearly, many of the characteristics of MGDG are closely
related to its molecular structure. The fact that MGDG has a
small galactose headgroup, in comparison to its unsaturated
chains, results in a high value of the packing parameter [11].
Hydrated MGDG forms, therefore, a reversed (type-II)
hexagonal liquid crystalline, HII, phase [12]. However, when
this glycolipid is incorporated into a phospholipid matrix,
lamellar structures such as the Lα phase may be obtained [13].
Thus, mixtures of MGDG and a bilayer-forming lipid, such as
dimyristoylphosphatidylcholine (DMPC, Fig. 1) exhibit lamel-
lar, hexagonal and most likely cubic phases. It is interesting to
note that the presence of both non-bilayer-forming and bilayer-
forming lipids in biological membranes seems to be important
for several biochemical phenomena [14]. The presence of
MGDG is considered crucial for protein folding and insertion,
as well as for translocation of proteins across membranes [3].
Many studies have focused on the biochemical aspects of this
glycolipid, but the knowledge is still limited regarding the
structure and dynamics of MGDG inserted into membranes
[13,15–19].
NMR is a very powerful tool for studies of the molecular
order, structure, and dynamics in soft matter such as lipid
Fig. 1. Schematic structures of MGDG (top) and DMPC (bottom).
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ism in general and for assessment of membrane morphology in
particular has been 31P NMR. The fact that the 31P spectrum is
strongly dependent on conformation and dynamics makes this
nucleus very sensitive to phase changes in biomembranes [20–
27]. Deuterium NMR has proven particularly useful for
estimations of the order parameter profile of, e.g., the
hydrocarbon chain segments in unoriented lipid systems
[16,28–32]. A major shortcoming of 2H NMR is, however,
that isotopic labelling is required. This can be both complicated
and expensive. In order to record multi-dimensional 13C and
15N spectra under non-spinning conditions the spectral resolu-
tion must be increased, this can be achieved in oriented samples
by layering the membranes on thin glass plates [33]. This
method, unfortunately, makes sample preparation difficult.
An alternative technique to investigate fluid phase lipids,
which does not require isotopic enrichment or tedious sample
preparation, is to carry out measurements of 1H–13C dipolar
couplings by two-dimensional (2D) separated local field (SLF)
spectroscopy under magic-angle spinning (MAS) conditions
[34,35]. The fact that the chloroplast membrane is mainly
composed of galactosyl glycerols [19] allows for natural
abundance 13C NMR studies under conditions similar to those
found in the biological membrane.
In the present study we use 31P NMR for verification of the
phase diagram of the MGDG/DMPC mixture. In particular we
focus on the properties of the lamellar Lα phase, a model system
relevant for the membranes. Recently, we have introduced
several efficient SLF pulse schemes for measurements of
dipolar couplings in liquid–crystalline and solid systems [36–
40]. Here we show that 2D NMR experiments which correlate
1H–13C spin–spin couplings with 13C chemical shifts are
equally applicable for investigations of hydrated lipid mixtures.
2. Materials and methods
2.1. Sample preparation and characterization
Unlabelled DMPC and MGDG were purchased from Avanti Polar Lipids
(Alabaster, AL, USA) and Larodan Fine Chemicals AB (Malmö, Sweden),
respectively, and were used without further purification. Multilamellar vesicles
(MLVs) were prepared by dissolving DMPC and MGDG in a mixture ofchloroform and methanol (2:1, v/v). The solutions were dried under a stream of
nitrogen followed by vacuum pumping overnight. The lipid films were
thereafter placed in a chamber with a humidity of 96% at 40 °C, created by a
saturated solution of potassium sulfate, which resulted in hydration levels of
approximately 13 water molecules per lipid (nw=13). The final hydration levels,
nw around 25, were reached by adding precise amounts of additional water to the
samples.
The galactolipid sample was analyzed using matrix-assisted laser deso-
rption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) carried
out on a Bruker Biflex instrument in the positive mode with α-cyano-4-hydroxy-
cinnamic acid as a matrix. Two peaks of equal intensity were obtained
corresponding to pseudomolecular ions [M+Na]+ at the mass/charge ratios (m/z)
769.7 and 797.8. Based on the MS analysis [41], biosynthetic considerations and
previously published structures [42,43], the MGDG preparation is most likely a
1:1 mixture of 1-(cis-9,12,15-octadecatrienoyl)-2-(cis-7,10,13-hexadecatrie-
noyl)-3-(β-D-galacto-pyranosyl)-sn-glycerol and 1,2-di-(cis-9,12,15-octadeca-
trienoyl)-3-(β-D-galactopyranosyl)-sn-glycerol.
2.2. NMR experiments
Solution NMR spectra of MGDG dissolved in CDCl3 were recorded at 30 °C
on a Bruker Avance 400 MHz (9.4 T) spectrometer. NMR resonances were
referenced to external tetramethylsilane (TMS) in CDCl3. All NMR experiments
made on MLVs were performed at a magnetic field of 9.4 T on a Chemagnetics
Infinity-400 spectrometer equipped with a 4 mm triple-resonance MAS probe.
The typical mass of the sample was around 50 mg. The set temperature was
40 °C which, due to the sample heating originating from the MAS, resulted in a
temperature of 42 °C [44]. Heteronuclear 1H–13C dipolar couplings were
measured by the pulse sequence shown in Fig. 2 [37]. This 2D technique, called
R-PDLF spectroscopy, incorporates R-type recoupling [45] into the proton-
detected local field (PDLF) protocol [46]. We used refocused INEPT [47] for the
1H to 13C polarization transfer since this scheme provides high spin-pair
selectivity. The delays τ1 and τ2 are set to integer multiples of the rotor period
and are, typically, in the range of a millisecond for a one-bond JCH coupling of
∼145 Hz. The spinning frequency was 5.0 kHz in the 2D SLF experiments, and
the 1H field strengths during dipolar recoupling and heteronuclear decoupling
were 45 and 27 kHz, respectively. The 2D spectra were acquired using typically
112 scans and 72 increments in the t1-dimension. A recycling delay of 6 s was
employed. Further details of the R-PDLF method can be found elsewhere
[37,39].3. Results and discussion
In order to assess the structural and dynamical properties of
the two lipids, it is necessary to determine the composition
range in which the biologically relevant Lα phase is formed.
This was investigated by performing 31P NMR experiments on
Fig. 2. R-PDLF pulse sequence for 2D local field spectroscopy.
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(hexagonal and lamellar) can be easily identified since the
powder pattern originating from the chemical shift tensor of the
lamellar, Lα phase is approximately twice as wide as that
observed in the hexagonal phase. Furthermore, the anisotropies
exhibit opposite signs [21]. Fig. 3 shows 31P NMR spectra for
different MGDG/DMPC concentrations. The 31P signal at 0
ppm, although it cannot be attributed unambiguously, appears to
be a result of either micelle formation or the presence of a cubic
phase [48–50]. At high concentrations of MGDG a hexagonal
phase is present, demonstrated by the existence of a high field
shoulder and a chemical shift tensor of ∼20 ppm. For mole
fractions below 60% of MGDG, the presence of a low field
shoulder and a larger chemical shift tensor (about 50 ppm)
demonstrate the presence of the lamellar phase. Hence, theseFig. 3. Typical 1H-decoupled 31P NMR spectra of unoriented and hydrated
MGDG/DMPC mixtures (XMGDG=nMGDG/ (nDMPC+nMGDG)) obtained using a
Hahn-echo pulse sequence under non-spinning conditions at 40 °C.31P NMR experiments indicate that lipid bilayers are formed for
XMGDG≤0.6, which is consistent with previous results [13]. In
the following we will limit our investigations to the Lα phase.
In order to measure the dipolar couplings in different
segments of the lipids, it is essential to resolve the 13C signals in
the 1D spectrum. A 13C CP-MAS spectrum (extracted from a
2D R-PDLF experiment) of a mixture of MGDG/DMPC
(XMGDG=0.35) is shown in Fig. 4. The chemical shifts were
referenced with respect to the C14 signal of DMPC set to 14.0
ppm [51–53]. In order to aid the NMR assignments in the liquid
crystalline phase, 1H and 13C NMR spectra of MGDG in CDCl3
solution were used, together with data found in the literature
[19,51,54].Fig. 4. Selected 1H–13C dipolar cross-sections through a 2D R-PDLF spectrum
of an unoriented MGDG/DMPC mixture (XMGDG=0.35) acquired at 40 °C.
The 1D 13C spectrum is displayed to the left. The 2D R-PDLF pulse sequence
(Fig. 2) does not achieve quadrature detection in the first dimension, i.e. the 2D
spectrum will always be symmetric about ω1=0. Note that the upper and lower
cross-sections are related to MGDG and DMPC, respectively.
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was investigated through the measurement of 1H–13C dipolar
couplings. This was performed using 2D SLF experiments in
the lamellar phase, in the concentration range 0≤XMGDG≤0.5.
The motionally averaged heteronuclear dipolar couplings dCH,
collected in Table 1, were calculated from the spectral splittings
Δν using the relationship Δν=0.315 dCH, where the coefficient
0.315 is the effective scaling factor for the R-PDLF pulse
sequence [37].
An initial inspection of Table 1 shows that the dipolar
couplings of both MGDG and DMPC are affected by varying
the lipid ratio, indicating that the lipids are mixed in the bilayer,
rather than being segregated into domains. Three general trends,
with some exceptions, are observed for the couplings collected
in the table as the MGDG/DMPC ratio is increased: (i) the
couplings related to the chains of both components increase, (ii)
the couplings within the DMPC headgroup decrease or remain
constant, and finally (iii) the dipolar couplings related to the
galactose headgroup, except G6b, of MGDG increase.
The dipolar couplings reflect the long-range orientational
order and the conformational distributions in the molecules.
Therefore, it is usually not straightforward to provide unambig-
uous explanations to changes of dipolar couplings caused by
alteration of the chemical composition. Nevertheless, several
observations can be made. An interesting effect is observed at
the C10 site of MGDG; although C9 and C10 are located on the
same cis double bond, the former interaction is much stronger
than the latter. Since these segments undergo identical motional
averaging, the C9=C10 vector must be tilted with respect to theTable 1
Experimental 1H–13C dipolar couplings, dCH, (in kHz) for hydrated MGDG/
DMPC mixtures
dCH (kHz)
Site (DMPC) XMGDG=0.45 XMGDG=0.35 XMGDG=0.2 XMGDG=0
α 1.0 1.0 1.0 1.0
β 0.6 0.6 0.7 0.8
γ 0 0 0 0
g2 3.7 3.8 3.9 4.0
g3 4.1 4.2 4.2 4.6
C12 2.0 2.6 2.5 2.4
C13 1.5 2.0 1.9 1.8
Site (MGDG)
G1 3.2 2.9 2.7 –
G2 3.5 3.1 3.2 –
G3 3.2 3.0 2.9 –
G4 3.1 2.3 1.9 –
G5 3.1 3.0 1.6 –
G6a 1.0 0.6 0.3 –
G6b 1.8 2.4 2.7 –
g2 2.8 2.5 2.4 –
g3 3.9 3.8 3.8 –
C8 2.1 2.3 2.1 –
C9 1.9 2.0 1.7 –
C10 0 0 0 –
C11 0 0 0 –
C12 0.3 0 0 –
C13 0.3 0 0 –
C15, C16, C18 0 0 0 –bilayer normal, thus leaving the C10–H average orientation close
to the magic angle [29]. Similar orientations can, most likely, be
assumed for the C11–H bond vectors. This conclusion agrees
with previously reported results of 2H NMR studies of
specifically deuterated phospholipids containing unsaturated
chains [29].
In general, the dipolar couplings related to the chains of both
components increase with increasing amount of MGDG
incorporated into the lamellar phase. This indicates that
MGDG has an ordering effect on the hydrophobic interior of
the membrane. As discussed by Chupin et al. [13], it seems to
be a general feature when this type of lipids is incorporated into
a bilayer structure. Note that most of the couplings related to
the chains decrease at the highest concentration of MGDG,
XMGDG=0.45. It may be explained by unfavourable packing of
MGDG molecules in the lamellar structure, which subsequently
leads to partial expulsion of the glycolipids from the bilayer
[15]. This situation results in a decreased order in the membrane
and consequently smaller dipolar couplings. Another explana-
tion to the anomaly observed at the highest MGDG concentra-
tion is provided by invoking the concept of frustrated bilayer
structure. In this interpretation an increase of the MGDG
concentration results in a phase transition to the hexagonal
phase. Prior to that, however, a highly curved lamellar structure
is created in which a lower local order is reflected in decreased
values of the couplings. The frustrated bilayers can result in
distributions of chemical shifts, which in turn contribute to the
line broadening. Along the same lines, the presence of small
amounts of the hexagonal phase would significantly reduce
dipolar couplings in the chains. In fact, an indication of a small
amount of this phase may be observed in the 31P NMR spectrum
(Fig. 3).
The dipolar couplings of the α- and γ-carbons in the
headgroup of the DMPC lipid are constant for all MGDG/
DMPC ratios, whereas a decrease is observed for the β-carbon
and glycerol fragment. In contrast to strong hydration level
effects [40], the heteronuclear dipolar couplings within the
headgroup of DMPC are less sensitive to the membrane
composition.
Before closing this section, we turn to the dipolar couplings
related to the galactose headgroup of MGDG, where a very
clear effect of the MGDG/DMPC ratio is observed. The dipolar
couplings from G1–G6a increase upon increased MGDG/
DMPC ratio whereas the coupling related to G6b decreases. In
principle, three explanations for such behavior are possible: (a)
conformational transitions leading to orientational changes of
the galactose headgroup, (b) motional averaging, and (c) a
combination of (a) and (b). We note that the two C–H vectors of
G6 undergo the same dynamical averaging, yet the dipolar
couplings exhibit opposite trends when the membrane compo-
sition is changed. Furthermore, the G6 interactions are smaller
as compared to the other couplings in the headgroup of MGDG,
which can be attributed to an additional conformational
averaging in the G6 fragment. Therefore, we finally conclude
that the general increase of the couplings (G1–G5 and G6a) with
increased MGDG/DMPC ratio originates from conformational
changes of the galactose headgroup.
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We have carried out an NMR study of hydrated MGDG/
DMPC mixtures. 31P NMR was employed to study the phase
behaviour and it was found that lipid bilayers are formed when
the mole fraction of MGDG is ≤0.6. It was also demonstrated
that many informative 1H–13C dipolar couplings can be
measured by 2D local field spectroscopy under sample spinning
conditions. This approach is attractive because it does not
require isotope labelling or macroscopically oriented samples.
Our results clearly show that ordering/disordering effects occur
for the headgroups as well as for the acyl chains when the
sample composition is varied.
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